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A comparative study on electrical performance, optical properties, and surface morphology of
poly(3-hexylthiophene) (P3HT) and P3HT-nanofibers based “normally on” type p-channel field
effect transistors (FETs), fabricated by two different coating techniques has been reported here.
Nanofibers are prepared in the laboratory with the approach of self-assembly of P3HT molecules
into nanofibers in an appropriate solvent. P3HT (0.3 wt. %) and P3HT-nanofibers (~0.25 wt. %)
are used as semiconductor transport materials for deposition over FETs channel through spin
coating as well as through our recently developed floating film transfer method (FTM). FETs
fabricated using FTM show superior performance compared to spin coated devices; however,
the mobility of FTM films based FETs is comparable to the mobility of spin coated one. The
devices based on P3HT-nanofibers (using both the techniques) show much better performance in
comparison to P3HT FETs. The best performance among all the fabricated organic field effect
transistors are observed for FTM coated P3HT-nanofibers FETs. This improved performance of
nanofiber-FETs is due to ordering of fibers and also due to the fact that fibers offer excellent
charge transport facility because of point to point transmission. The optical properties and
structural morphologies (P3HT and P3HT-nanofibers) are studied using UV-visible absorption
spectrophotometer and atomic force microscopy , respectively. Coating techniques and effect of
fiber formation for organic conductors give information for fabrication of organic devices with

improved performance. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4894458]

INTRODUCTION

Field effect transistors (FETs) fabricated using con-
ducting polymers as the active channel are gaining impor-
tance over the conventional thin film FETs mainly because
of their high flexibility, light weight; easy in fabrication,
and low cost.'™ Recent interest of the researchers is shown
towards the modifications of organic semiconductors which
can enhance the stability and performance of devices.
Formation of nanocomposites, morphology control, and
introduction of crystallinity/ordering are major focus due to
achieving high surface to volume ratio and improved charge
transfer characteristics. These may be easily achieved by
using control polymer formation and deposition techniques.
A variety of techniques such as catalytic synthesis, chemi-
cal vapour deposition, dilute polymerization, interfacial
polymerization, and electrospinning can be used for the
synthesis of polymer nanofibres with control size in and
shape.”™
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Amongst the various organic conducting polymers, pol-
yalkylthiophene and its derivatives are the most study poly-
mers for fabrication of organic devices. Regioregular poly
(3-hexylthiophene) (RR-P3HT),” one of the most popular
polymer of polyalkylthiophene family, has been extensively
studied for this purpose. It is extensively used for organic
electronic devices because of its high charge carrier mobil-
ity, good processibility, efficient electronic and optical prop-
erties, and possibility for crystallization and nanofiber
formation.®

Two methods are generally used for the formation of
P3HT-nanofibers, viz., whisker method and mixed-solvent
method.” In the whisker method, a polymer solution is pre-
pared and then super cooled such that polymer chains get
self-assembled and generate nanofibers. Further fibers are
segregated from the super cooled suspension by filtration
and centrifugation. Nanofiber morphology and dimensions
are strongly dependent on solvent, polymer molecular weight
and their regioregularity, solution concentration, and cooling
rate.>”'*!" Controlled morphology and dimensions of poly-
mer nanofibers are a challenging issue. Mixed-solvent
approach is another technique used for the preparation of

© 2014 AIP Publishing LLC
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P3HT-nanofibers.'>'* In mixed-solvent technique, P3HT is
dissolved in solvents like chlorobenzene (mild heating) and
an appropriate amount of poor solvent (such as anisole) is
added for promoting the precipitation of dissolved P3HT.
Again the mixed solution is heated to get a well dissolved
homogeneous solution state. The final solution is kept as the
good solvent is the majority solvent and the poor solvent is
the minority solvent. The cooling of the mixture induces
some part of dissolving polymers into suspension state.
Further some high molecular weight polymers start to solid-
ify due to the effective m—mn stacking characteristics of
P3HT. The existence of good solvent keeps the polymer into
a stretched conformation and results the generated suspen-
sions in a fiber-form. The aggregation of well-stretched poly-
mer induces the crystallinity of thin-film casted from this
solution. Therefore, such suspension effects on the electronic
characteristics of organic devices like FET and solar cell.
However, the electronic characteristics also depend further
on the coating techniques used for fabrication of devices.

Single fiber P3BHT-FET demonstrated high carrier mo-
bility of 0.06cm?/V s as reported earlier'*'> which is close
to the mobility 0.25cm?/V s found in conventionally con-
structed P3HT-FET of similar design.'® Recently, an excel-
lent mobility of 2cm?/V s along with an on/off ratio of 10°
has been reported for an electrospinning P3HT-nanofiber
based FET in which polyelectrolyte was used as gate oxide
instead of the conventional SiO,.!” Organic field effect tran-
sistors (OFETs) find numerous applications in modern elec-
tronics;'® 2% however, the progress in OFETs depends on
many issues such as enhancement in device performance,
decrement in fabrication cost, and expansion in the area of
applications.

Simple spin coating technique is one of the most com-
mon methods used for the deposition of film to fabricate de-
vice at low cost.>’* Thickness of the spin coated film
depends on various factors like the solvent used, solution
concentration, and its viscosity. It also depends on the spin
coating parameters such as speed, acceleration, and coating
time.

Floating film transfer method (FTM) is another unique
casting-process recently developed by our group with the tar-
get to get highly uniform thin-film by an easy approach.***>
In this technique, a drop of polymer solution was put on the
top of a hydrophilic liquid viscous surface; the drop of the
hydrophobic polymer solution spread as a thin-film on this
viscous surface substrate. This floating film can be trans-
ferred on various substrates by placing the face of these
substrates on the film and then taking it out like Langmuir-
Schaefer method.?® Thin-film of polymer deposited by FTM
has very good uniformity with a large level of self-
orientation of the polymeric molecules without any external
force and also has the benefit of less residual stress due to
the use of liquid viscous surface as primary substrates com-
pared to solid substrates, whereas films deposited on solid
substrates were reported to have increasing stress during sol-
idification. Film parameters (thickness and morphology) de-
posited by FTM can be controlled by controlling the
viscosity and temperature of the liquid. Transport character-
istics were also observed in the thin-films prepared by
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FTM.*** In spin coating technique, approximately 80%
polymer solution get waste during the coating. It is reported
earlier that the X-ray diffraction and atomic force micro-
scope measurements showed much better ordering for the
FTM films in comparison to spin-coated films. It is also
found that the transport characteristics, on/off ratio and
threshold voltage improved for organic films formed by
FTM methods in comparison to any other conventional tech-
niques like drop casting or spin coating, etc.>**>

In view of above, we report a comparative study on the
electrical performance of FETs fabricated using P3HT and
P3HT-nanofiber as active channel deposited by spin coating
and FTM. The structural morphology and optical properties
of P3HT and P3HT-nanofibers were also compared for de-
vice performance.

EXPERIMENTAL DETAILS

RR-P3HT was synthesized in the laboratory and method
adopted in its synthesis has been earlier reported.””*® A con-
sistent solution of RR-P3HT in dehydrated toluene with con-
centration 1wt. % was prepared by heat treatment. After
cooling at room temperature, the solution was stored in a
firmly sealed glass vessel for 45 days at a constant tempera-
ture (25°C). Gradually, P3HT molecules come together by
the driven force of m—r interchain stacking and fuse in the
form of suspended nanofibers. Physical changes in the vis-
cosity and color of this solution was observed day by day,
and after 45 days, the solution appeared dark purple-
brownish color with increased viscosity; however, initially
(before 45 days) it was dark-orange color with less viscosity.
These suspended nanofibers were segregated by centrifuging
the suspension at 6000 rpm for 30 min. The accumulated
solid parts were taken out and re-dispersed in dehydrated
chloroform before drying. The concentration of this suspen-
sion was calculated to be 0.25 wt. % by using the UV-visible
absorption characteristics of the P3HT-solutions of known
concentrations as shown in Figs. 2(a) and 2(b), which is also
discussed in result parts. This fiber suspension was used for
the fabrication of OFETs.

Prior to spin coating or FTM deposition, this suspension
was re-dispersed thoroughly with a cyclo-mixer. p-doped sil-
icon species of dimension 1 cm x 1 cm along with thermally
grown SiO, (Co =10 nF/cm?) layer (300 nm) were used as
base substrate for OFETs. Cyclo-mixed fiber suspension was
spin coated on the substrate (p'-Si/SiO,) with 1000 rpm for
10s followed by 3000 rpm for 50s. The film thickness was
varied from 65 to 70nm measured with DEKTAK 6 M
Profiler. Further, few substrates (p'-Si/SiO,) were coated
with FTM, in which a drop (nearly 30 ul as optimized for
film thickness) of cyclo-mixed nanofiber suspension was put
on the top of a viscous hydrophilic liquid surface on a mix-
ture of ethylene glycol and glycerol (ratio 1:2). The drop
quickly spread as thin-film over liquid viscous surface. The
formed floating film was transferred on silicon substrates
(p"-Si/Si0,) by placing the face of these substrates on the
film and then carefully lifting them. The thickness of FTM
coated thin-film was measured in the range from 35 to 40 nm
(optimized film thickness), which was depending on the



094306-3 Tiwari et al.

polymer concentration, temperature, and viscosity of the
hydrophilic liquid surface and ratio of the mixture of ethyl-
ene glycol and glycerol. Thickness was controlled by con-
trolling these parameters and optimum was used to get high
charge mobility.

Further, by using Ni-shadow mask, two gold electrodes
(source-drain) of thickness 40 nm were subsequently depos-
ited at the top of the coated thin-film with thermal vapour
deposition technique at vacuum pressure of 3 x 10~ °Torr.
The channel lengths and width of FETs were maintained
20 yum and 2 mm, respectively. In a similar way, few FETs
based on P3HT/CHCIlj; (0.3 wt. %) were also prepared under
identical conditions as mentioned above to compare their
performance with P3HT-nanofiber FETs. Electrical charac-
teristics of fabricated OFETs were measured through a
Keithley 2612 two channel electrometer at vacuum pressure
of 4 x 10~ ®Torr. The optical properties and microstructure
of P3HT and P3HT-nanofiber thin-films were studied by
measuring UV-visible absorption spectra (JASCO V-750
spectrophotometer) and atomic force microscopy (AFM)
(JEOL SPM5200), respectively.

RESULTS AND DISCUSSION

Formation of nanofiber was confirmed by analysis of
UV-visible absorption spectra and AFM microstructures.
Observed morphology and absorption peak heights for both
P3HT and P3HT-nanofibers were drastically different as also
discussed ealier.?? The UV-visible absorption spectra for solu-
tion, nanofiber suspension is compared in Fig. 1 (inset). A sin-
gle absorption peak for P3HT solution in chloroform was
observed at wavelength of 450nm; however, five distinct
peaks intensities at wavelengths of 460 nm, 480 nm, 520 nm,
560nm, and 610 nm were observed for P3HT-nanofiber sus-
pension as discussed ealier.”” The relative high and sharp
peaks of long wavelength at 560 nm and 610 nm represent a
well-stretched conjugation length due to better n—n stacking

2.5
= 0.0025 wt%
:l A 0.0005 wt%
’E 2.0 * 150 times diluted fully
:‘.. dissolved nanofibers
-}
o 19
E 1.5 g o
w 2
S £
= =06
« i g
e 1.0 5wl
8 é 02
= 0.5 . 0 P3HT/CHCI, fiber suspension
< T 4w s 600 700 800
Wavelength (nm)
0.0

300 400 S00 600 700 800
Wavelength (nm)

FIG. 1. UV-visible absorption spectra for various P3HT solutions of distinct
concentrations; Green curve exhibits the UV-vis. absorption spectra of fully
dissolved P3HT-nanofiber solution after heat treatment, Inset: UV-visible
absorption spectra for P3HT solution, spin-coat P3HT film, and P3HT-
nanofiber suspension in chloroform.

J. Appl. Phys. 116, 094306 (2014)

in P3HT chain to form nanofibers. This means that the pre-
pared nanofiber suspension possesses good ordering of the
polymer chains, and poor solubility even in chloroform at
room temperature. It was further confirmed as on heating the
solution fibers completely dissolved and UV-vis absorption
showed similar spectrum as for P3HT solution (cf. Fig. 1).
The concentration of the nanofiber suspension was calculated
in the same way as reported in our previous paper.”’ Two dif-
ferent concentrations of P3HT solutions gave different peak-
heights at the wavelength of 450 nm as shown in Fig. 1 and an
unknown quantity of nanofiber suspension (used in device
fabrication) diluted 150 times with chloroform (fully dis-
solved nanofibers homogeneous solution achieved after heat-
ing) also gave same peak with different height (ignoring slight
shift in peak position). Unknown was calculated as 0.25 wt. %
using two point calibration plot as shown in Fig. 2.

The UV-absorption peak for this nanofiber dissolved so-
lution showed a little red-shifted as compared to that of
P3HT-solutions. This shift is due to the fact that, during fiber
formation only higher molecular weight P3HT molecules get
self-assembled and join together as nanofibers, whereas low
molecular weight P3HT molecules failed to form fibers.
These nanofibers from low molecular weight dissolved
P3HT solution were segregated by centrifuging the suspen-
sion. Therefore, re-dispersed nanofibers in chloroform ex-
hibit little longer wavelength as appears in Fig. 1, which
verifies that the suspended solid parts were nanofibers.

The growth of nanofibers was further confirmed by
AFM characterization. The AFM of P3HT and P3HT-
nanofiber thin-film deposited by spin coating as well as by
FTM were measured by scanning the film area of
5 pum x 5 um, shown in Figs. 3(a)-3(d). In comparison, it
was found that the morphology of spin coated and FTM
coated P3HT thin-film appeared very different.

Spin coated P3HT molecules were spherical in shape with
diameter range of 15 to 20 nm [Fig. 3(c)], whereas FTM coated
P3HT thin-film did not show any particular features

= 2.5
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> .
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FIG. 2. Absorption peak height at 450 nm versus P3HT concentration (wt.
%): green dotted line is drawn for dissolved P3HT-nanofiber solution
through which concentration of nanofiber/chloroform suspension was esti-
mated about 0.25 wt. %.
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1.00 un

[Fig. 3(d)]. Similarly, in spin coated P3HT-nanofibers thin-
film, nanofibers were clearly visible and their dimensions such
as length and diameter varied in the range of 500 to 700 nm
and 10 to 12 nm, respectively, as shown in Fig. 3(a). This film
(spin coated P3HT-nanofibers) showed good uniformity and
also depicted some degree of fiber orientation due to the cen-
trifugal force acting along the substrate during coating.

On the other hand, the FTM coated P3HT nanofiber
thin-film showed excellent uniformity than spin coated nano-
fiber film. One more interesting observation in FTM coated
P3HT nanofiber thin-film was noticed that a large degree of
self-alignment in the polymer nanofibers was occurred which
can clearly seen in Fig. 3(b). The range for length and diame-
ter of the FTM coated P3HT-nanofibers was observed to be
400 to 700nm and 10 to 15 nm, respectively.

The typical current-voltage characteristics of spin coated
and FTM coated channel of P3HT and P3HT-nanofiber
based FETs are shown in Figs. 4(a)-4(d) and Figs. 5(a)-5(d).
The non-linear drain-source current (/) versus drain-source
voltage (Vps) characteristics (output characteristics) at fixed
gate-source voltage (V) have two regions, linear and satu-
ration regions. In the linear region, transition in /g depends
on Vps described though a parabola and in the saturation
region, Ips was independent of Vs The output characteris-
tics of nanofiber-based FETs are shown in Fig. 4, and those
of solution-based FET are shown in Fig. 5, respectively.
Other information regarding the device performance such as
ON/OFF ratio, threshold voltage (V7y) could be extracted

J. Appl. Phys. 116, 094306 (2014)

FIG. 3. AFM images for thin-film of
(a) spin coated P3HT-nanofibers, (b)
FTM coated P3HT-nanofibers, (c) spin
coated P3HT solution, and (d) FTM
coated P3HT solution.

from the transfer characteristics drawn for Ipg versus Vg at
fixed Vpg=—80V which are depicted in Figs. 4(b) and 4(d)
for spin coated and FTM coated nanofiber based FETs,
respectively, and for P3HT FETs, it is depicted in Figs. 5(b)
and 5(d), respectively. ON/OFF current ratio characterizes
the switching performance estimated by the maximum /pg in
accumulation mode divided by the minimum /g in depletion
mode at the same voltage regime. This ratio is generally
influenced by the conducting capability.’® The threshold
voltage (V) for a device is the apparent voltage required
for starting the ON-state from their OFF-state. In case of
OFET, Vg can be calculated by the linear fit of Ips'”? versus
Vps curve which intersects the x-axis at a point where Iy is
zero.’'% The mobility is another key parameter of the
OFET which is defined as the charge carrier velocity per unit
applied electric field.>* The field-effect carrier mobility in
the saturation region (1) can be found by using the expres-
sion (1)*>?® and the conductance (S) can be determined by
expression (2):37

W a Ci)‘(
Vibs = \| E=2 (Vs — Vi) M

Wt Cox
§ = —H0 (Vs — Vi), @

where W and L are the channel length and width, respectively,
for the FET, and Cox is the gate oxide capacitance per unit
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FIG. 4. Current-Voltage (I-V) characteristics of spin coated and FTM coated P3HT-nanofiber FETs (a) spin coated output characteristics (Ipg vs Vps), (b) spin
coated transfer characteristics, (Ips vs Vgs) and [log(Ips) vs Vgsl, (¢) FTM coated output characteristics, (d) FTM coated transfer characteristics, (Ips vs Vgs)

and [log(Ips) vs Vgsl.

area. The possible key performance parameters such as pi,,
ON/OFF ratio, V4 and S for all fabricated OFETs were cal-
culated by using the above discussion and formulae, and val-
ues are listed in Table 1. By analyzing the calculated
parameters listed in Table I, it was concluded that the per-
formances of P3HT-nanofiber based FETs were much supe-
rior than those of the solution coated P3HT FETs, though,
concentration of fiber suspension (used at FET channel) was
less (0.25 wt. %) compared to P3HT solution concentration
(0.3 wt. %). Therefore, the use of nanofibers as active channel
for OFETs was advantageous in two aspects, namely, (1) high
device performance and (2) less material consumption. The
field-effect mobility of spin coated P3HT-nanofiber FET was
found to be 9.15 x 107> cm?/V s. This value was quite com-
parable to the mobility value of 6.26 x 107> cm?/V s calcu-
lated for FTM coated P3HT-nanofiber FET. The surface
morphology of spin coated nanofibers at FET channel shows
some degree of fiber orientation due to centrifugal force act-
ing over the substrate during spin coating. Such orientations
cause some extent of alignment in the nanofibers; due to this
fact, it was assumed that the aligned nanofibers might provide
direct swift lanes for the hole carriers for point to point trans-
portation which would enhance the carrier transport property
of the spin coated fiber thin-film.** Thickness and uniformity
of this film was also sufficient enough to transport large num-
ber of holes from the FET channel.

On the other hand, excellent uniformity was observed in
the floating film which was deeply depend on the driving
force by which polymer solution spread uniformly over the
hydrophilic viscous substrate and also depends on the resis-
tive force offered by the solidification of the thin-film.
Another interesting thing in FTM was observed that the fab-
ricated thin-film of P3HT-nanofiber shows a great extent of
self-alignment of the nanofibers in the film without any
external force. These alignments in the P3HT-nanofibers
depend on the nanofiber suspension propagation speed and
the rate of film solidification. Such uniformity and align-
ments in the fiber thin-film boost the carrier transport prop-
erty of the film. Therefore, excellent transport property in
FTM coated P3HT-nanofiber FET was observed which
strongly depends on the thin-film morphology, microstruc-
ture, and control of polymer orientation in the active channel
film.*® Therefore, compared to spin coated P3HT-nanofiber
thin-film, the surface morphology of the FTM coated P3HT-
nanofiber thin-film shows excellent uniformity and fiber
alignment which drastically improve the FTM coated P3HT-
nanofiber FET performance. The thickness of the FTM
coated channel film was measured and found to be around
35-40nm.

The ON/OFF current ratio of the FTM coated FETs was
much better compared to the spin coated one, and values are
listed in Table I. The best ON/OFF ratio of approximately
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transfer characteristics, (Ips vs Vgs) and [log(Ips) vs Vgsl, (c) FTM coated output characteristics, and (d) FTM coated transfer characteristics, (Ips vs Vgs)

and [log(Ips) vs Vsl

10° was measured for FTM coated P3HT-nanofiber FET
which was approximately two orders higher compared to the
ON/OFF current ratio of the spin coated nanofiber FET. The
“ON” current in both (FTM and spin coated) type OFETs
was comparable; however, “OFF” current in FTM coated
FETs was very small compared to “OFF” current in spin
coated FETs. This may be because that many parts of PHT
domain well contact to gate insulator for FTM film with
thanks to their well alignment, which provides whole the
channel are sensitive to the gate voltage to control the carrier
number by the field-effect. Therefore, ON/OFF current ratio
for FTM coated OFETs was measured higher compared to
the spin coated OFETs.

TABLE I. Key parameters of P3HT and P3HT-nanofibers based FET's fabri-
cated by two techniques i.e. spin coating and FTM.

Vru Hsat ON/OFF  Conductance H,
Channel (V)  (cm?Vs) ratio (S) %
Nanofiber-based FET ~ 30  9.15x107°  10*? 1L.1x10°° 18
with spin-coat
Nanofiber-based FET 17 6.26 x 10~° 10° 056x107% 5

with FTM

Solution-based FET 50
with spin-coat
Solution-based FET 32
with FTM

2.11x 1074 10% 274%x10°% 20

1.07x10°*  10%? 1.61x10°% 7

Cyclic transfer characteristics of each FETs depicted lit-
tle hysteresis loop. Hysteresis is frequently noticed in OFETs
during sweeping of Vgs. The reason of hysteresis is mainly
due to the fact that the charge trapping density occurred at
the organic semiconductor/insulator interface and sometimes
the presence of impurities (like water molecules) in the sol-
vent or in the organic semiconductor also induces hystere-
sis. 22314941 Origin of hysteresis deteriorates the switching
function for FET, so, it should be minimized by avoiding the
source of their origin. Hysteresis Intensity % (H;%) in each

OFET can be evaluated by using mathematical equation:*
I end — I star
H,% — <Ds._ d — Ips s z) % 100, 3)
IDS,SmrI

where Ipg 510 and Ipg .nq are the initial and final drain-source
current observed at V=0V, during cyclic transfer mea-
surement. Table I shows the coating method changes H; in-
tensity. Even to coat the film from the different structured
solutions (namely, well-dissolved solution and nanofiber dis-
persion), FTM coating channel provides small H; as com-
pared to those from spin-coat channel. It should be noted
that both of these solutions are prepared from the same
P3HT and solvent. In addition, FTM is the procedure to cast
P3HT on hydrophilic liquid. These facts indicate that the ori-
gin to cause the hysteresis appeared in these transfer charac-
teristics is not in some impurities in solution and suspension
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but in the casting procedure to provide the P3HT film. A pos-
sible explanation is that the FTM provides to cast P3HT
nanofibers and macromolecules into well-aligned form for
eliminating nano-space or minimizing amorphous regime.
This also contributes to realize the strong off-state due to the
effective eject of carriers at relative small Vy even in these
normally on state channels.

CONCLUSION

Spin coated and FTM coated channels of P3HT-
nanofibers and P3HT based FETs were prepared to compare
their performance. The electrical performance parameters of
FETs were strongly dependent on the channel material and
thin-film surface morphology. The carrier mobility of both
coating techniques based OFETs were comparable; however;
drastic changes in on/off ratio, threshold voltage, hysteresis
intensity were found for two different coating methods. The
best on/off ratio of 10° was estimated for the FTM coated
P3HT-nanofibers FET. This value was approximately two to
three orders higher than the on/off ratio of all other FETs
fabricated by FTM and spin coating techniques reported ear-
lier. Threshold voltage and hysteresis intensity of the same
device (FTM coated P3HT-nanofibers FET) was also much
better compare to other OFETs. It is concluded that P3HT-
nanofiber FET shows superior electrical performance than
the other fabricated FETs due to the fact that the nanofibers
probably provide “swift lanes” for end-to-end charge carrier
transportation.
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